The thermomechanical processing consisting in cold work (true strain e ¼ 0:3{1:9) followed by a post-deformation annealing (200-700 C temperature range) is applied to the equiatomic Ti-Ni alloy. The evolution of the structure, substructure and functional properties of the material is studied. For all levels of cold work, the maxima of the free recovery strain and constraint recovery stress are obtained after annealing in the 350-400 C temperature range. For a moderately cold-worked material (true strain e ¼ 0:3), this temperature range corresponds to polygonization; for a severely cold-worked material (e ¼ 1:9), it corresponds to the material nanocrystallization, while for a highly cold-worked material (e ¼ 0:88), the structure is mixed. An increase in the cold-work strain leads to an increase in the completely recoverable strain above 8% and in the maximum recovery stress up to 1450 MPa, as well as to the widening of the superelastic temperature range.
Introduction
Conventional thermomechanical treatment (TMT) consists in the cold-, warm-or hot-deformation of a material with a subsequent post-deformation annealing (PDA) thermal treatment. It has successfully been proven that by modifying the microstructure and substructure of Ti-Ni-based SMA using classical low-temperature TMT/PDA processing, it is possible to improve and stabilize such SMA properties as recovery stress and recovery strain, through the creation of a polygonized substructure with 0.1 to 1 mm subgrains within grains of about several dozens of microns in size.
1) It should be stated, however, that nearly all resources offered by the conventional TMT/PDA technology (normally limited to low and moderate levels of strain varying from 20 to 40%) seem so far to have been completely exploited, and this technology no longer offers much room for further improvement.
On the other hand, nanostructural materials (grain size under 100 nm) have attracted considerable interest in the past few years owing to their unique mechanical properties, which combine high strength with high material ductility.
2) However, most of the techniques used to obtain bulk nanostructural materials, such as mechanical alloying through nanopowder consolidation, for example, 3) result in the increased brittleness of the material. Using a Severe Plastic Deformation (SPD) as an amorphizing and nanocrystallizing technique 4) makes it possible to overcome the majority of the problems associated with material transformation from the powder state because the resulting material is free of porosity and contamination. The major problem in applying the SPD technique for amorphization resides in the necessity to guarantee very high true logarithmic strains during deformation (from 5 to 7). This level of strain requires the use of the special Bridgmen torsion-compression or equal-channel angular pressing techniques, 5, 6) which limit the possibility of practical application, given the significant limitations inherent in these techniques with respect to the product dimension and shape.
It is quite logical that modern interest in nanostructural materials is transposed to SMA; we must recall that already as far back as the early '90s, it was found that the cold-rolling of Ti-Ni and Cu-Al-Mn alloys to up to 50-70% of their thickness reduction leads to partial bulk material amorphization and crystal refinement. 7, 8) It was recently proven that the Ti-Ni alloy thus amorphized demonstrates, after annealing, a stable homogeneous nanocrystalline structure, [9] [10] [11] which could be suitable from a material properties point of view. (Actually, a very high ultimate tensile strength of 2650 MPa was obtained for the nanocrystalline Ti-Ni alloy. 5 ) ) The main question that arises in this respect is whether or not the functional properties of nanocrystalline Ti-Ni alloys will be higher than those of dislocation-hardened ones, and if the answer is positive, to what extent? A detailed investigation of the thermomechanical processing consisting in amorphizing cold-rolling and nanocrystallizing annealing and its effect on the microstructure, substructure and functional properties of Ti-Ni alloys has been slow to emerge so far and, therefore, is the main goal of this work.
Approach Proposed
In previous works, the level of deformation varied within the 30-50% limits, while the annealing temperature was selected in the 400-700 C range. Following the objectives stated for this work, the deformation range is extended up to a true strain of about 2 in order to allow the exploration of the possibility of the partial amorphization and nanocrystallization of the material, while the annealing temperatures are lowered down to 200 C in order to keep the higher level of the material hardening, and thus to improve the resistance of the material to plastic deformation. The higher limit for the PDA temperature (700 C) corresponds to the recrystallizing or ''reference'' thermal treatment, and the lower limit (200 C), to a starting temperature for either thermal recovery (moderately cold-worked material), or nanocrystallization (highly and severely cold-worked partially amorphized materials). The higher limit for the cold work strain (e ¼ 1:9) refers to the maximum strain, which could be generated by conventional cold-rolling, while the lower limit (e ¼ 0:3) corresponds to the strain that initiates significant changes in the dislocation substructure. Therefore, during this phase of the work, parallel microstructural (TEM) and macroscopical (DSC, electrical resistivity, tensile, recovery strain and recovery stress) studies are carried out in order to elucidate the influence of the extended TMT-PDA procedures on the structure, microstructure and properties of the equiatomic TiNi alloy.
Materials and Experimental Techniques
This study involves the investigation of the Ti-50.0 at%Ni alloy supplied by the Central Research Institute for Materials (St-Petersburg, Russia) (see Table 1 for the reference temperatures of phase transformations). To evaluate the effects of TMT on the microstructure and properties of this alloy, 0:9 and 2.5 mm wires are cold-rolled in three to six passes using a FENN four-height laboratory rolling mill (working rolls of 100 mm) to obtain 0.3 and 0.52, 0.88 and 1.9 logarithmic thickness reductions (the low-temperature TMT, LTMT). The deformed material is then annealed in the 200-700 C temperature range (30 min for annealing at 700 C and 1 h for other temperatures), and finally waterquenched to room temperature. The entire cold work/ annealing diapason of the study is schematically presented in Fig. 1 .
Microstructural analysis
The structure and substructure evolution is studied using a JEM-100C transmission electron microscope. Thin foils are prepared using the ''window'' technique and electrolytic polishing in an HClO 4 þ CH 3 COOH solution. X-ray diffractograms are obtained using a DRON 2.0 diffractometer and Fe K radiation after surface grinding and chemical polishing of the samples.
DSC testing
The Differential Scanning Calorimetry (DSC) is used to determine the temperature range and latent heat of martensitic transformation. The DSC testing is performed using a Perkin-Elmer Pyris DSC with a unique scanning rate of 10 C/min. The lower limit of the temperature scanning range is À50 or À170 C, while the upper limit (150 C) is kept below the temperature of the post-deformation annealing in order to prevent the alteration of the structural state of the material during DSC testing.
Constraint recovery stress measurement
For constraint recovery stress measurements, the constantstrain thermal scanning technique 12) is applied. Upon heating, the restriction of shape recovery allows the generation of recovery stresses. A specimen with an effective length of 70 mm is first deformed up to a given total strain at an initial temperature T i close to M s , then released to allow an elastic springback, and finally, is set at a given initial strain " i ¼ 2{12%. The constraint specimen is then heated to up to 250 C, cooled back to T i and then the ''stress-temperature'' curve thus generated is plotted. If the identically treated specimens are subjected to an incrementally increased initial strain, a set of recovery stress generation curves can be plotted as shown in Fig. 2 (a) in order to determine the conditions for maximum recovery stress [ Fig. 2(b) ]. Table 1 Reference phase transformation temperatures ( C) for Ti-50.0 at%Ni alloy.
Ti-50.0 at%Ni 14 60 80 118
Temperatures are obtained by DSC after recrystallizing annealing at 700 C prior to TMT Fig. 1 The entire cold-work/annealing diapason of the study. Fig. 2 Typical recovery stress-temperature curves measured after a given thermomechanical processing (e ¼ 0:88 þ PDA 500 C): (a) for different levels of strain (3.8, 4.7, 5.8, 8 .0, and 9.5%); (b) recovery stress as a function of initial strain.
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Free recovery strain measurement
The strain recovery testing by bend and free recovery 13) involves the following steps: (0) an initial heating of a striptype test specimen (10 mm in length) up to temperature A f followed by cooling back to temperature M s ; (1) deforming (wrapping) the specimen around a cylindrical mandrel and releasing it to allow an elastic springback, and (2) heating the specimen to its completely austenitic state (T > A f ). An initial outer fiber strain is calculated in the martensitic state:
where " t is the total strain and " e the elastic strain prior to shape recovery. The recovery strain is calculated in the austenitic state: " r ¼ " i À " f , where " f is the residual strain after shape recovery. In both cases, the maximum strain in the outer fiber is determined as " ¼ t=2r, where t is the specimen thickness and r is the curvature radius. When the material thickness and specimen length remain constant, the shape recovery is reflected by the curvature radius variations. To determine the maximum completely recoverable strain " max r,1 ð" r =" i ¼ 1Þ, which is considered to be a measure for a free shape recovery potential of the material, the outer fiber strain in martensitic state is incrementally increased, and the recovery strain (" r ) is plotted as a function of the initial strain (" i ). In Fig. 3 , typical results of such an experiment are shown for a given level of cold work (e ¼ 0:3) followed by annealing at different temperatures. The arrows in Fig. 3 indicate the appearance of the permanent set (non-recoverable strain) with an offset of 0.2%, and therefore the maximum of the completely recoverable strain (" max r,1 ). By plotting the maximum completely recoverable strain as a function of the PDA temperature, the conditions for the maximum material performance can be found, as shown in Fig. 9 , for different levels of cold work.
Processing of the Results Obtained and Discussion

TEM study
The TEM study confirms that cold-work processing is responsible for three different types of material microstructure depending on the cold-work intensity: (a) amorphous structure, (b) nanocrystalline structure, and (c) dislocation substructure. Post-deformation annealing leads to the following distinct transformations of these peculiar microstructures: the amorphous structure crystallizes; the nanocrystalline structure, either resulting directly from cold work or crystallized from the amorphous structure, coarsens, and the dislocation substructure passes through the recovery, polygonization and recrystallization stages.
To demonstrate clearly the differences in the structure and substructure formation originated from different levels of cold-work (e ¼ 0:3{1:9 range in our study), let us compare first the lowest level of cold-work (e ¼ 0:3) with the highest one (e ¼ 1:9). An intermediate case, e ¼ 0:88, will be presented afterwards to validate the conclusions of the first analysis.
The main subject of TEM study is the structure and substructure of the high temperature B2-austenite. It can be pointed however that at the temperature of analysis (RT), Rphase and B19
0 -martensite can also be observed after postdeformation annealing. The presence of these low-temperature phases does not however compromise the main goal of the study (at least after annealing under 450 C) as we will try to explain. First, the R-phase formation is not accompanied by transformation-induced hardening and therefore does not create its own dislocation substructure. 10, 14, 15) Consequently in R-phase alone or in its combination with B2-austenite, the dislocation substructure of the latter can be clearly observed. Second, after annealing under 450 C, only a small quantity of cooling-induced martensite forms and even though its formation is accompanied by an important transformationinduced hardening, 1, 14, 15) the quantity formed is small enough to not alter the dislocation substructure originated from B2-austenite. 16) Situation is not the same for equiatomic Ti-Ni alloys after PDA at temperatures higher than 450 C. In this case, the higher the annealing temperature, the higher the M s point and the greater the quantity of B19 0 -martensite formed at RT. Austenite grain boundaries however, being impermeable for the R-phase and martensite crystals ingrowths, can be easily observed by TEM technique, independently on the austenite grain size.
Cold-rolling at low-to-moderate level (logarithmic thickness reduction of 0.3) results in the formation of a welldeveloped dislocation substructure in martensite (Fig. 4(a) ). Diffraction spots are broadened in azimuthal direction (because of the involved imperfectness of crystallographic orientation) and in radial direction (because of a significant increase in dislocation density). A diffractogram corresponding to the first the mostly fragmented ring of the electron diffraction pattern in presented on the insert to Fig. 4(a) . It is clear that the main phase constituent in this case is B19 0 -martensite. Moreover 10-15% of R-phase is observed (possibly altogether with B2-austenite, but {110} line of the last is not visible). Structure and Properties of the Ti-50.0 at%Ni Alloy after Strain Hardening and Nanocrystallizing Thermomechanical Processing 797
The post-deformation annealing of the cold-worked material causes the reverse martensitic transformation and material softening to occur. The following structural phenomena can be observed as the annealing temperature increases: static recovery, polygonization (formation of subgrain boundaries) [Figs. 4(b)-(e)], and recrystallization of the austenite.
Annealing at 200 C leads to a progressive recovery visible through a certain decrease in dislocation density [ Fig. 4(b) ]. At the same time, imperfectness of crystallographic orientation is conserved in the austenite, which can be observed in the diffraction pattern (Fig. 4(b) , the zone axis close to f111g B2 ): broadened spots (arcs) of R-phase f330g R and other types (and probably of f110g B2 and other) are observed. Finally, as it can be concluded from electron diffraction pattern and X-ray diffractogram, a small amount of B19 0 -martensite is also present.
As the PDA temperature increases, recovery gives way to polygonization and, after annealing at 300 C, the austenite substructure is completely polygonized polygonized substructure: while broadened diffraction spots (and their mean orientation, f111g B2 in the given case) are conserved, they are fragmented because of the partially compensated discrete, sign-altering subgrain misorientation. 1, 17) The main phase observed is R-phase (probably accompanied by B2-austenite); a small amount of B19 0 -martensite is also present [see also X-ray diffractogram Fig. 4(c)] .
After annealing at 350 C, subgrains grow up to 200-300 nm [see. Fig. 4(d) ]. The fact that many of the observed structural elements in Fig. 4(d) are subgrains (characterized by low-angle boundaries) and not grains (characterized by high-angle boundaries) is confirmed by the dark-field image containing agglomerates of bright and dark structural elements. The presence of such structural groups, each of them containing neighbouring subgrains with close orientation, is characteristic for polygonized substructure. 16) After annealing at 400 C, structural elements grow up to 300-500 nm, [Fig. 4(e) ], keeping their subgrain features: the same low-angle broadening and fragmentation of diffraction spots in azimuthal direction can be observed with the same mean f111g B2 orientation. Low-angle misorientation between austenite subgrains is witnessed also by the existence of a common orientation for all R-phase in a quite large 3 mm width area containing many structural elements [if these elements were grains, R-phase would yield to multiple orientations, compare to Figs. 5(c), (d)]. Note also that even after PDA at 350-400 C, the dislocation density remains high [Figs. 4(d) , (e)] and can be evaluated as about 10 10 cm À2 . The B19 0 -martensite fraction observed after such treatments does not exceed 30%.
Annealing at 450 C leads to recrystallization and to an important increase in martensite fraction on cooling to RT. As mentioned, B19
0 -martensite formation in the Ti-50.0 at%-Ni alloy is accompanied by a high transformation-induced hardening and by a corresponding increase in dislocation density.
Severe cold-rolling (logarithmic thickness reduction of 
1.9), is responsible for the formation of a mixed (approximately 50%/50%) nanocrystalline and amorphous structure in the material: nanograin (2-8 nm in size) austenite zones are dispersed in the amorphous matrix [ Fig. 5(a) ]. Moreover, rare zones with very high dislocation density are observed. Diffraction patterns from mixed amorphous/nanocrystalline structure represents amorphous halo ring with superimposed narrow ring from B2-austenite grains, which are so small that no separate spots from them can be observed [see Fig. 5(a) ]. These results correlate with known data on B2-phase stabilization after severe deformation of Ti-Ni alloys. 6, [18] [19] [20] [21] [22] The amorphous volume fraction of %50% evaluated from TEM foils is much higher than 10% measured by Ewert et al. 23) by DSC and TEM techniques in similar conditions (cold-rolling of Ti-50 at%Ni alloy at a true strain of e ¼ 2). In our opinion, the presence of only 10% of amorphous material cannot justify principal differences in the material properties between low and severe levels of cold-work, as it will be illustrated further.
Annealing at 300 C is linked to the creation of a specific austenite structure with a bi-modal grain size distribution: a coarser-grain population (nanograins of about 20 nm in size) growing from nanocrystals formed during cold work and a finer-grain population (nanograins of about 5 nm in size) crystallized from the amorphous structure [ Fig. 5(b) ]. After annealing at 300 C, remnants of the amorphous structure can also be observed [see Fig. 5(b) ]. Diffraction rings in this case contain overlapping but fairly distinct spots from different grains of the structure [ Fig. 5(b) ]. Diffraction rings and arcs visible in Fig. 5(b) correspond to {110} (strong), {200} and {211} of B2-austenite and {330}, {600} and {633}, of Rphase. The presence of both phases is confirmed by X-ray diffractogram (included).
A relatively slight increase in the annealing temperature up to 330 C does not provoke significant changes in the structure, but allows complete material crystallization, which is accompanied by a slight growth of nanograins and corresponding increase in M s , which leads to the appearance of small quantities of the martensite.
After annealing at 350 C, the effect of the bi-modal grain size distribution is amplified, finer grains grow up to 5-25 nm, while the coarser ones grow up to 30-80 nm [ Fig. 5(c) ]. It is worth mentioning that in coarser nanograins, martensite crystals can be observed. Diffraction rings become more point-wise because of a decrease in a number of grains on the area of analysis [ Fig. 5(c) ]. B2 and R-phase and a small quantity of martensite can be observed from X-ray diffractogram (included).
After annealing at 400 C (the optimum annealing from a material properties point of view, as demonstrated later in this article), the structure contains normally distributed austenite nanograins with dimensions varying from 20 to 120 nm (50 to 80 nm for the most populous size) [ Fig. 5(d) ]. This treatment heightens M s temperature, thus leading to a corresponding growth in the martensite fraction [see multiple martensite spots in Fig. 5(d) ]. The main fraction of martensite is localized in coarser austenite grains. It should be emphasized that the formed nanostructure does not contain high dislocation density.
After annealing at 500 C, austenite grains grow in size to reach 0.2 to 0.6 mm, while remaining smaller than after an identical thermal treatment of the material, but with lower levels of cold work, 0.3 and 0.88. The quantity of B-19 0 -martensite significantly increases and martensite becomes a predominant structural phase component.
After a reference annealing at 700 C, no marked difference can be observed in the structure resulting from the various regimes of material processing (cold work at 0.3, 0.88 and 1.9): austenite grains have similar sizes, measuring a dozen of micrometers.
Cold-rolling at high level (logarithmic thickness reduction of 0.88) creates intermediate structure between e ¼ 0:30 and 1.9, and gives rise to the formation, along with the welldeveloped dislocation substructure, of the nanocrystalline and even amorphous structures [ Fig. 6(a) ]. Since the last two structures are not predominant, they do not represent a major factor in the resulting material properties after the PDA. In the electron-diffraction pattern (oriented close to f111g B2 ), azimuthally broadened spots from strongly hardened austenite are superposed on the week halo from amorphous structure [see Fig. 6(a) ].
Post-deformation annealing at temperatures up to 350 C leads to the polygonization and subgrain growth in the dislocation substructure, to the growth of existing nanograins, and to the crystallization of the remaining amorphous structure through the formation of a new nanocrystalline structure [Figs. 6(b), (c)].
After PDA at 250 C, alloy's structure contains subgrains and grains of 10-60 nm in size with some remnants of amorphous phase [ Fig. 6(b) ]. Correspondingly in the diffraction pattern, fragmented arcs and dotted interstices between them are present [ Fig. 6(b) ]. Bright diffraction rings correspond to R-phase, possibly mixed with B2-austenite (see X-ray diffractogram included).
After PDA at 300 C, subgrains grow; a small quantity of martensite appears [see X-ray diffractogram and small spots on the both sides of the bright R-phase ring, Fig. 6(c)] .
After annealing at 400 C, the subgrain/grain size is between 0.2 and 1 mm [ Fig. 6(d) ]. It seems that the observed larger grains serve as nuclei for recrystallization in the polygonized substructure. The larger the austenite grains, the higher the M s temperature and the more important the martensite quantity [ Fig. 6(d) ].
Note that the higher the amount of cold work, and thus the dislocation density, the lower the temperature required for polygonization: 250
C for e ¼ 0:88 (as compared with 300
C for e ¼ 0:3). Under annealing at 450 C, recrystallization within the dislocation substructure sweeps out the nanocrystalline structure resulting either directly from cold work, or from the nanocrystallization of the amorphous structure. The last treatment leads to the same increase in the martensite fraction as that observed after e ¼ 0:3 and PDA at 450 C. It must also be mentioned that the Ti-50.0 at%Ni alloy undergoes polygonization and recrystallization processes at annealing temperatures 100-150 degrees lower than those needed for the nickel-rich Ti-50.7 at%Ni alloy. 17) This can be explained by the absence, in the equiatomic material, of the Ti 3 Ni 4 precipitates impeding the migration of dislocations, subgrains and grain boundaries.
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moderate (0.3) and severe (1.9) levels of cold work resides in the nanocrystalline structure formation and bulk material amorphization leading, in the latter case, to the subsequent material nanocrystallization under annealing. At the same time, 0.3 cold work creates well-developed dislocation substructure, which undergoes polygonization and then recrystallization stages during post-deformation annealing. This structure, which is beneficial from a material properties point of view, is conserved up to annealing at 400 C. For the sake of comparison, a material deformed at an intermediate level e ¼ 0:88 and annealed at the same temperature demonstrates a polygonized and partially recrystallized structure: their formation is accelerated by the presence of the well-developed dislocation substructure generated in the material by cold-working.
DSC testing
From the DSC thermograms, two types of data are extracted: latent heat (Fig. 7) as well as the start and finish temperatures for the direct B2 ! B19 0 (B2 ! R ! B19 0 ) and reverse B19 0 ! B2 transformations (Fig. 8) . Note that the latent heat presented in Fig. 7 is a summarized value for direct and reverse transformations notwithstanding that a one-stage or two-stage transformation is observed. The following major conclusions can be drawn from the analysis of DSC results:
(1) The higher the level of cold work, the higher the onset PDA temperature that allows a complete martensitic transformation to occur (latent heat of approximately 25 J/g): for cold work varying from 0.3 to 1.9, this onset PDA temperature increases from 250 to 500 C. For the PDA temperatures lower than those indicated by the arrows in Fig. 7 , the lower the PDA temperature, the lower the latent heat of transformation, thus reflecting a gradual increase in dislocation density, which impedes the interface movement as well as in the quantity of the retained austenite, which in turn decreases the completeness of the transformation. The higher the coldwork strain, the more pronounced this trend.
(2) For all levels of cold work followed by high-temperature annealing (PDA higher than 650 C), a martensitic transformation follows the one-stage transformation pass B2 $ B19 0 , while manifesting the appearance of an intermediate R-phase on cooling after annealing at lower temperatures. (a) On cooling, the temperature range of the R-phase transformation remains stable irrespective of the thermomechanical processing regime, while the R ! B19 0 temperature range is depressed to lower temperatures when the annealing temperature decreases. The higher the cold work, the more pronounced the gap between these two transformations and the broader the transformation peaks. (b) On heating, the temperature range of the reverse martensitic transformation (B19 0 ! B2) remains relatively stable after polygonizing annealing (300-450 C). When the annealing temperature decreases to under 350 C, the temperature range of the transformations broadens and shifts to lower temperatures, and the higher the cold work, the more pronounced this trend (represented by the shaded area in Fig. 8 ). Note that on heating, two closely located DSC peaks are observed after cold-rolling at a true strain of 0.3-0.88 and annealing in the 300-550 C temperature range, while only single peak transformation is visible after a true strain of 1.9 and annealing under all tested conditions. The multi-stage transformation on heating for e ¼ 0:3{ 0:88 level of cold work can be attributed either to the reverse B19 0 ! R ! B2 transformation or to the material heterogeneity. Since the reverse transformation from B19 0 to B2 does not have an advantage from passing through an intermediate R-phase because the transformation strains for B19 0 ! R and B19 0 ! B2 transformations are very close, it seems reasonable to attribute this phenomena to the heterogeneity of the cold-rolled structure. [24] [25] [26] Finally, the reason for a single peak transformation on heating after a true strain of 1.9 comes from the fact that in this case, a large volume of the material crystallizes from an amorphous matrix, thus contributing to the material's structural homogeneity. Further investigation using a combined DSC and in situ diffractometry techniques is needed to definitely confirm this interpretation. (c) Note that for the given alloy, although thermomechanical processing can improve its functional properties, it is done at the expense of a lower M s temperature. For a specific application, the recovery temperature may also be a heavily weighted processing selection parameter, and its dependence should be thoroughly qualified. (3) It is interesting to point out that-despite significantly identical latent heat values-the DSC transformation peaks for the 1.9 cold-worked material are sharper and the hysteresis between the direct and reverse transformations is narrower than those for the 0.3-0.88 coldworked material. This phenomenon is due to the fact that there is a smaller number of obstacles for interface movement after the former processing than after the latter. This phenomenon is believed to be due to a significant difference in structure and microstructure resulting from the moderate-to-high (0.3-0.88) and severe (1.9) cold-work process. Generally speaking, two main categories of imperfections in the crystal structure can be considered responsible for the widening of the DSC transformation peaks and for the increase in the thermal hysteresis: dislocations, dislocation subboundaries, and grain boundaries. The main peculiarity of the material subjected to the 0.3-0.88 cold work is the creation of a well-developed dislocation substructure during deformation (dislocation density of 10 11 cm À2 ), and the higher the cold work, the higher the strain hardening of the material (crystal refinement and partial amorphization resulting from this process is of secondary importance). The main peculiarity of the material subjected to the 1.9 cold work is its bulk amorphization and nanograin formation during deformation and the subsequent creation of the well-developed nanostructure during annealing (the dislocation substructure does not play a major role in this case).
Simply speaking, the moderately cold-worked material is characterized mainly by its dislocation substructure, while with the severely cold-worked one, it is by its ultra-fine grain structure. For a material with the same grain size, the higher the dislocation density, the more extended the temperature range of martensitic transformation. The same is true for a material with an identical dislocation density, but with a finer grain structure. The fact that the DSC peaks for the 0.3-0.88 cold-worked material are broader and the thermal hysteresis of transformation, larger than those for the 1.9 cold-worked material can be explained by assuming that an increase in dislocation density has a greater impediment effect on the interface movement than does a decrease in grain size.
Recovery strain and stress measurements
Equiatomic Ti-Ni alloys are mainly used for their shape memory effect in actuator applications. The most important functional properties of these alloys are therefore recovery strains and stresses that can be generated. The results obtained for the maximum completely recoverable strain " max r,1 (pure bending test) and maximum constraint recovery stress max r (tension) are presented in Fig. 9 for different thermomechanical processing regimes.
The following conclusions can be drawn from the Fig. 9  analysis: (1) For all levels of cold work, both the completely recoverable strain (" max r,1 ) and recovery stress ( max r ) reach their maxima at a given ''optimum'' annealing temperature, which varies between 350 and 400 C. (2) The more intensive the cold work, the higher the maximum recovery stress max r attainable after annealing: 900 MPa (e ¼ 0:3), 1100 MPa (e ¼ 0:88) and 1450 MPa (e ¼ 1:9). The last value represents-to the best of authors' knowledge-the highest recovery stress that has so far been reported for the Ti-50.0 at%Ni alloy. (3) The influence of cold work on the maximum completely recoverable strain " max r,1 is more intricate. In the coldwork diapason corresponding to the strain-hardening mechanism (e ¼ 0:3{0:88), the higher the cold work strain, the lower the completely recoverable strain (7.6% for 0.3 cold work, 7.0% for 0.52 and 6.3% for 0.88 cold work). This trend reflects the harmful consequences of an increase in strain-hardening with an increased level of cold work on the reversibility of the martensitic transformation. (Despite this negative effect, the creation of the well-developed dislocation substructure, however, allows the material to improve its potential to generate high recovery stresses.) On the contrary, a material deformed at e ¼ 1:9 demonstrates a significant increase in " max r,1 up to above 8%, thus reflecting an unbiased positive influence of amorphizing and nanocrystallizing cold-work processing on the performance characteristics of Ti-Ni alloys.
Conclusion
Generally speaking, the thermomechanical processing aims mainly to heighten the yield strength of a material, while facilitating the occurrence of martensitic transformation under stress. On the one hand, the hardening of the equiatomic Ti-Ni alloy can be obtained either through crystal refinement or through an increase in dislocation density (nucleation of coherent precipitates can also be the way for nickel-rich alloys), and on the other hand, the enhancement of the martensitic transformation reversibility can be obtained by a decrease in the dislocation density.
The main structural characteristic of the Ti-50.0 at%Ni alloy processed by severe cold-rolling (e ¼ 1:9) and annealing (400 C) is the presence of the nanocrysalline structure combined with a relative absence of a well-developed dislocation substructure, as a result of which material hardening is obtained by crystal refinement, and not by an Structure and Properties of the Ti-50.0 at%Ni Alloy after Strain Hardening and Nanocrystallizing Thermomechanical Processing 803 increase in dislocation density. The nanocrystalline structure allows an increase in the true yield stress of the material, while the absence of the dislocation substructure combined with the relatively low level of onset stresses ( min cr ), decreases the risk of triggering deformations by slip mechanisms, and thus promotes the completeness of shape recovery and recovery stress generation. This reasoning can explain why the Ti-50.0 at%Ni alloy demonstrates 30% higher stress and 10% higher strain recovery capabilities after e ¼ 1:9 processing as compared to e ¼ 0:88, while having comparable mechanical properties in tension (the results of tensile testing will be published in a separate paper).
After annealing at lower temperatures (350 C), the material hardening, through a continuing decrease in grain size, is accompanied by a partial suppression of martensitic transformation 27) and, in grains smaller than 60 nm, martensitic transformation is completely suppressed. 28) That is the reason why after a PDA of 350 C, the constraint recovery stress is the same as after one of 400 C, while the completely recoverable strain is significantly lower (Fig. 9) .
The main practical conclusion of this work can be resumed as follows: for equiatomic Ti-Ni alloys, nanocrystalline structure with a given grain size (50-80 nm) created by severe plastic deformation and post-deformation annealing is much more effective-from a functional properties point of view-than any dislocation (including polygonized) substructure resulted from classical thermomechanical processing consisting in plastic deformation at moderate strains combined with post-deformation annealing heat treatment.
